Examination of 18 complete and 6 partial sequences of the major outer-membrane protein from 24 chlamydiae isolates was used to reconstruct their evolutionary relationships. From this analysis, assuming that the clades with 100% bootstrap support are correct, come the following conclusions: ( 1) The tree of these sequences is not congruent with the phylogeny of the hosts, and thus host switching would seem to have occurred, thereby limiting the extent to which there has been coevolution of parasite and host. (2) The tree is also noncongruent with clustering by type of cell infected, thereby limiting the extent to which there has been coevolution of parasite and the cell type that it infects. (3) The tree is also noncongruent with clustering by the organ infected (eyes or genitalia), thereby limiting the extent to which there has been coevolution of parasite and the organ that it infects. (4) The tree is also noncongruent with genital strains arising from lymphogranuloma venereum strains. (5) The tree is also noncongruent with the geographic site at which the isolates were obtained, thereby limiting the extent of divergence explained by geographic separation. (6) There are estimated to be 185 amino acid positions that are invariable (as opposed to unvaried) in the major outer-membrane protein.
Introduction
Chlamydiae are gram-negative bacteria with pathogenic potential for a wide variety of diseases in man and animals ( Schachter 1983) . These microorganisms are grouped together mainly as a result of their unique developmental cycle. The genus Chlamydia is part of the family Chlamydiaceae in the order Chlamydiales (Moulder et al. 1984) . Three species are recognized inthe genus Chlamydia: C. trachomatis, C. psittaci, and
Material and Methods Chlamydial Strains
Eighteen complete MOMP DNA sequences from the three species of Chlamydia were analyzed. In addition, the VDs of six other C. trachomatis serovars were studied. Table 1 indicates the original reference for the isolate, the citations of the DNA sequence, and the geographical locations, species, anatomical sites, and dates for the various isolates. In addition, we examined 10 sequences from the 60-KDa OMP2. All but one of the OMP2 sequences are from strains for which MOMP sequences were also analyzed, and their references are given in table 1. 1958 1957 1985 1959 1960 1959 1965 1959 1967? 1960? 1971 1965 1966 1971 1973? 1968 1968 1967 1939 1967 1949 1984? 1963? 1936 1941 Egypt ' 1 = Murray et al. (1960) ; 2 = Hayes et al. (1990) ; 3 = Grayston et al. (1960) ; 4 = Hanna et al. (1960) ; 5 = Holt et al. (1967); 6 = Hanna et al. (1959); 7 = Mordhorst (1967) ; 8 = Hanna et al. (1962); 9 = Wang et al. (1973) ; 10 = Wang and Grayston (197 1) ; 11 = Wang and Grayston (1975) ; 12 = Kuo et al. (1974) ; 13 = Schachter et al. ( 1969); 14 = N&g (1942) ; 15 = Dwyer et al. (1972) ; 16 = Stamp et al. (1950); 17 = McClenaghan et al. (1984); 18 = Murray (1964) ; 19 = Francis and Magill ( 1938) ; 20 = Officer and Brown (1960) ; 2 1 = Baehr et al. ( 1988) ; 22 = Hayes and Clark (1990) ; 23 = Stephens et al. (1987) ; 24 = Yuan et al. (1989); 25 = Peterson et al. (1990); 26 = Zhang et al. (1990) ; 27 = Hamilton and Malinowski ( 1989); 28 = Pickett et al. ( 1987); 29 = Stephens et al. ( 1986); 30 = Fielder et al. ( 199 16); 3 1 = Fielder et al. (199la); 32 = Carter et al. (1991); 33 = Pickett et al. (1988); 34 = Herring et al. (1989); 35 = Zhang et al. (1989) b Co = conjunctiva; Hu = human; Cx = cervix; Ur = urethra; Ln = lymph node; Lu = lung; MO = mouse; and GP = guinea pig.
' LGV = lymphogranuloma venereum. d Amino acid sequence published by Stephens et al. (1987) and corrected on the basis of data of Baehr et al. (1988) .
Sequence Analyses
The 24 isolates from which the amino acid sequences of the MOMP gene were obtained are given in table 1. The amino acid sequences were aligned by eye. The alignment for the VDs is shown in figure 5 . These sequences were divided, for further analysis, into three categories: I, those 18 sequences for which the complete sequence (403 aligned codons) is known; II, those separate parts of 24 sequences described by Yuan et al. ( 1989) as being a VD; and III, a composite sequence of the four variable domains joined end to end ( 9 1 aligned codons).
We used the methods of Fitch ( 197 1) and Fitch and Farris ( 1974) to discover the most parsimonious trees for these alignments. The object is to discover the tree on which the fewest number of nucleotide substitutions are required to account for the amino acid differences among the protein sequences used as input. Corrections for hidden nucleotide substitutions were done according to the method of Fitch and Bruschi ( 1987) . They are hidden because, between two branch points, one can only observe a single difference despite multiple changes at a position. This correction may still leave the total number of substitutions underestimated, but it makes the relative rates unbiased. Division of the substitutions between the two branches descending 65.9 IOL-207 13) t   I  I  I  I  I  I  I  I  I  I  I  I  I   I  1   0  20  40  60  80  100  120  140  160 Nucleotide Substitutions FIG. I.-Most parsimonious tree for the 18 complete amino acid sequences of MOMP. The number on each branch is the number of nucleotide substitutions required in the descent from the node on the left to the node or tip on the right of that line. Fractions arise from averaging across equally parsimonious arrangements of the substitutions. The number in ovals is the number of times, in 100 bootstrappings, that the replicate tree contained, as a monophyletic group, all the descendants of that node and no others. These numbers estimate the confidence level at which these particular data support the tree shown. Any biases present in the original data remain in the bootstrap samples. Nonintegral bootstrap numbers arise when, for any one bootstrap sample, there is more than one equally most parsimonious tree. A monophyletic group present in only one of k equally most parsimonious trees would get only 1 /k units of confidence. Thus the whole numbers shown may be the result of rounding off. For explanation of abbreviations, see table 1. The length of the tree is 627 nucleotide substitutions spread over 203 of the 403 codons. The asterisk (*) is the node from which distances to the tips were calculated for fig. 2 . 896 Fitch et al. from the root is arbitrary and is done to make the two groups have similar overall rates of evolution.
Results

Category I (Complete) Sequences
The 18 sequences of set I produced the initial tree shown in figure 1. It requires 627 nucleotide substitutions. There is only one most-parsimonious tree. There are two equally parsimonious trees requiring only one additional nucleotide substitution. Both require that Ll be joined slightly differently. In one case Ll is joined to L2 before both are joined to the B isolates; in the other case Ll is joined first to E. Thus, it is not surprising that there is only 45% bootstrapping support for the group containing Ll, B, and L2.
As is typical and expected for parsimony trees, the less branched lineages are shorter than more branched lineages. A plot of the distance from the penultimate node to the C. trachomatis tips, as a function of the number of intervening nodes between, is shown in figure 2 . The slope of the line reveals that each additional node picks up eight additional nucleotide substitutions, on average. A similar plot for the remaining isolates gave a value of 11; these were used, as per Fitch and Bruschi ( 1987) ) to correct leg lengths, with the result shown in figure 3. After the length corrections fig. 1 ; the most recent common ancestor of the Chlumydia truchomatis sequences] and the 12 tips. This distance is plotted against the number of nodes that occur, in fig. 1 , between the * node and the tip. The slope of the line is 8 substitutions/node and is used to correct the branch lengths in fig. 1 , to get the branch lengths in fig. 3 . are made, it is apparent that the rate of evolution among these sequences now appears reasonably uniform.
One can see from figures 1 and 3 that the C. trachomatis isolates are a monophyletic group and that, within them, there are two major groups (B, Ll, L2, and E and A, C, H, and L3, both at 100% confidence). These-except for L3, which is in cluster C instead of cluster B, and F and G (later), which are in neither clustercorrespond to the B and C complexes proposed by Wang and Grayston ( 1984) . We will use B and C clusters to refer to the phylogenetic groups, and we will use B and C complexes to refer to the Wang and Grayston groups. The C. psittaci also form a monophyletic group ( 100%). Wang and Grayston ( 1984) indicated that strains F and G are part of the B complex. They are slightly closer to the B cluster than to the C cluster, but these two MOMPs are clearly placed outside both. Wang and Grayston ( 1984) also thought of K and L3 as bridging the C complex and the B complex. As we shall see later, the MOMPs of K and L3 are clearly placed within the C cluster. The regional variability differences now become more pronounced, however. We could not find a simple rule that, if followed, would give the domains precisely as proposed by Yuan et al. ( 1989) , regardless of whether we used all 18 sequences or only the C. Category II (Individual VD ) Sequences Figure 5 shows the sequence alignment of the 24 VD amino acid sequences used in this study. We asked whether there was any relationship between the two major C. trachomatis clusters and which VDs change. The trees for each VD are shown in figure 6. VDs l-4 had, respectively, 5.6, 6.0, 3.2, and 4. I nucleotide substitutions/ amino acid (codon) site across the entire tree. Thus VD 1 and VD2 are more variable. The average numbers of substitutions per codon in cluster B (B, Ba, D, E, Ll , and L2) and cluster C (A, C, H-K, and L3 ) , respectively, in their respective lineages since their common ancestor are 0.46 and 0.80 in VDl, 0.47 and 0.83 in VD2, 0.19 and 0.32 in VD3, and 0.38 and 0.32 in VD4. In this computation, each of two descending lines gets equal weight irrespective of the ultimate number of descendants. This prevents a line providing excess weight simply as the result of many descendants. All of the first three domains show -70% greater change in the C cluster than in the B cluster. In VD4, however, the B cluster shows nearly 20% greater change than does the C cluster. This suggests that, as one moves from the B group to the C group, a selective pressure to, or constraints on, change moves from VD4 to the other three VDs.
Category III (Combined VD) Sequences
A tree for the four domains collectively ( fig. 7 ) required 442 nucleotide substitutions to account for the descendants. It agrees with the tree in figure 3, except for joining Ll to E instead of to the B-L2 group. That was an alternative that required only one extra nucleotide substitution for the complete sequences. One should not take this tree too seriously in detail, in that four other trees are equally good and over 100 trees are only one nucleotide substitution less parsimonious. These 100 alternatives are all limited to three branches of the tree, however. In effect, the actual order of divergence among the B cluster is not determinable by using only the VD data. Similarly, the order of divergence among C, I, and J is not determinable, nor is it among C-J, H-L3, and I and K. Thus, the VDs are at the noise level if the question is one of phylogeny within the two major clusters. The utility of these domains is here considered more in terms of such functional questions as sequence conservation and antigenicity. S26 Nevertheless, on the basis of MOMP, the B cluster comprises strains B, Ba, D, E, L 1, and L2, and the C cluster comprises strains A, C, H, I, J, K, and L3, while F and G belong to neither cluster.
OMP2 Sequences
The analysis of the OMP2 gene led to the tree shown in figure 8 . In this tree, the L3 gene is clustered with Ll and L2, instead of with the C cluster. Although this tree is noncongruent with that obtained for the MOMP gene, it is consistent with the biovar grouping in which Ll, L2, and L3 serovars constitute the more pathogenic
LGV biovars. Figure 9 shows the distance of each isolate from the root of the tree in figure 7 , plotted against the year of its isolation, to see whether there has been a measurable rate of evolution. Clearly the answer is no, unless either mouse pneumonitis ( MoPn) is included with the other trachomatis sequences or Mn-Cal-10 is included with the psittaci. 
Discussion
Other Studies Carter et al. ( 199 1) have studied the evolutionary relationship of MOMP from 14 of these strains. Their tree is largely consistent with ours, there being only two differences. In our tree, Ll diverges before L2, instead of the reverse, and F diverges before the A-B split, rather than afterward. These differences are relatively minor, and, when new sequences are added, such changes in tree topology are common around points that are difficult to resolve. Carter et al. ( 199 1) did not present any data indicating the robustness of the data for supporting their tree. Our bootstrapping, however, shows that these are the most weakly supported nodes on the tree, having only 45% and 49% support, respectively.
Classification
The chlamydial genome is -1,000 kb in size and is one of the smallest among bacteria ( Moulder et al. 1984) . The genetic relatedness in the three species of Chlamydiae has been studied by DNA/DNA hybridization analysis (Kingsbury and Weiss 1968; Weiss et al. 1970) . Although a limited number of isolates have been characterized, in general, >95% intraspecies DNA identity/similarity has been found within the Chlamydia trachomatis and C. pneumoniae strains. The exception to this is the C. trachomatis mouse biovar, MoPn, which has only -50% DNA identity with the isolates of the other two C. 1930 1940 1950 1960 1970 1980 1990 YEAR OF ISOLATION FIG. 9.-Rate of evolution. The distance of an isolate from the root is plotted against the year of its isolation. The distance, in nucleotide substitutions, is for the VDs only, in the hope that maybe that region is varying at a faster rate and is thus more likely to be seen to change over human time scales. If pre-1940 isolates are suspect as to whether they have changed after isolation, then there is no evidence of their having changed substantially during the past 50 years. The unblackened circle denotes the Chlumydia pneumoniae isolate, the blackened circles denote the four C. psittaci isolates, and the unblackened squares denote the C. trachomatis sequences.
de la Maza 1988). However, it was possible to differentiate the members of the LGV biovar from those of the trachoma biovar, on the basis of their unique restrictionfragment-length polymorphism. The restriction-endonuclease digestion pattern of the C. trachomatis MoPn could easily be differentiated from the patterns of the isolates of the other two C. trachomatis biovars. Restriction-endonuclease analyses of C. pneumoniae indicate that all the isolates are closely related and can be easily differentiated from the other two species of Chlamydiae. Furthermore, the DNA sequences of the MOMP gene of the isolates of C. pneumoniae, , are identical (Carter et al. 199 1; Melgosa et al. 199 1) .
The C. psittaci isolates, on the other hand, are a heterogeneous group with a wide range of DNA / DNA similarity, expanding from almost no genetic relatedness to close to 100% DNA identity (Kingsbury and Weiss 1968; Weiss et al. 1970 ). DNA/DNA hybridization studies and restriction-endonuclease analyses suggest that isolates from a particular species of animal are more closely related when compared with strains isolated from another species (Herring et al. 1989 ). Thus, future sequencing of the MOMP gene from a variety of C. psittaci isolates may alter the phylogenetic tree presented here.
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Characterization of the 16s rRNA further emphasizes the genetic relatedness among some of the isolates of these three species of Chlamydiae (Palmer et al. 1986; Weisburg 1989 ). The 16s rRNA of the C. trachomatis L2 (strain 434), the 6BC' strain of C. psittaci, and the TWAR-183 strain of C. pneumoniae differ by only S%, and they are nearly equidistant from each other, although C. pnezunonia~ and C. psittaci appear slightly more closely related to each other than either is to C. trachomatis (Weisburg et al. 1986 ; W. G. Weisburg, personal communication) . Characterization of the 16s rRNA of the three biovars of C. trachomatis indicates that, as for DNA hybridization, the C. trachomatis MoPn biovar is the one that appears to be genetically most distant. The phylogenetic analysis presented here, using the nucleotide sequence of the MOMP of Chlamydiae, supports the current classification of the three species of this microorganism into one genus and clarifies the serological interrelationships of the different serovars of C. trachomatis. This should not be surprising if MOMP is the major source of immunological response. However, the failure of OMP2 to support the MOMP tree within C. trachomatis raises questions that are discussed below.
The C. psittaci isolates appear to display a significant amount of genetic heterogeneity. Thus they may need to be split in the future, but, as they are no more divergent than C. trachomutis, there is presently no reason to do so. Chlamydia pneumonk is sufficiently remote that making it a separate species is reasonable.
It is reasonable to consider the MoPn strain as a separate species, the sequence being 16% different, at the amino acid level, from its closest relative (Ll; see fig. 3 ). Nevertheless, we make this suggestion cautiously, because MOMP may be exceptional. Being 60% of the outer-membrane protein, it is probably also the major source of antigenic determinants. It may therefore be under particular pressure to make more frequent changes in its structure. If so, the MOMP amino acid differences may be very atypical of the rest of the gene products. Moreover, the distance from the MoPn split to the F split ( 17.1; fig. 3 ) is less than that from the F split to the B-C-cluster split ( 18.1 ). Further analysis should clarify whether the MoPn strain should be considered a separate species or should remain a subspecies under the C. truchomutis species.
Coevolutionary Hypotheses
Two papers (Wang and Grayston 197 1; Moulder 1990) have addressed the issue of the evolutionary relationships among various isolates, on the basis of immunological cross-reactivities and various properties of the isolate, such as the species and cells of the host. Moulder provides a speculative coevolutionary hypothesis in which Chlamydiae speciate as the hosts speciate and/or when cell types differentiate (epithelial vs. lymph cells). Our results with the MOMP are not consistent with Moulder's hypothesis. There are three principle bases for this:
1. Coevolution between host and parasite is incomplete. Consider two pairs of isolates. One pair is A22 (ovine) and GPIC (guinea pig, a rodent), both of the species C. psittaci. The second pair is MoPn (mouse, another rodent) and F (human), both of the species C. trachomutis. These pairs are each other's closest relatives among the set of four. But the two rodents are their closest relatives among the hosts, making the genealogy among the hosts noncongruent with the genealogy of the parasites and thus inconsistent with their coevolution.
There is also the DNA hybridization data of Cox et al. ( 1988) , who used isolates not present in this analysis, except for the guinea pig. These isolates were, appropriately, used by Moulder partly to show evidence inconsistent with his coevolution hypothesis, because the ferret isolate is far more closely related to the parakeet isolate than it is to the cat, sheep, or guinea pig. Moulder's caution is appropriate, but it should also be realized that the Cox et al. data have limited value for making evolutionary inferences. If one changes the data from percent relatedness to the more informative percent difference, one observes the following averaged percent difference values (distances ) : sheep-parakeet, 16.5; parakeet-ferret, 3.5; and sheep-ferret 34.0. If the distance from sheep to parakeet is 16.5 and if the distance from parakeet to ferret is 3.5, then, by the triangle inequality, the distance from the sheep to the ferret cannot possibly exceed 3.5 + 16.5 = 20.0. Yet the "measured" value is 34, a number that exceeds the maximum possible distance by 70%.
2. Coevolution of parasite relationships and cell infected is incomplete. Consider two pairs of isolates, one pair being B-Jali20 (trachoma) and L2 (LGV), both members of the B cluster, and the other pair being C (trachoma) and L3 ( LGV), both members of the C cluster. These pairs are, in each case, their closest relatives among the set of four. This is noncongruent with a relationship that requires the parasites growing in one kind of cell to be each other's closest relatives. This should not be surprising. Lymph cells differentiated from epithelial cells 2500 Mya, whereas the order of mammals diverged only 60-80 Mya, so that a coevolution hypothesis that requires host speciation to occur prior to divergence of these cell types is implausible.
3. Coevolution of parasite relationships and organ infected is incomplete. Consider two pairs of isolates, one pair being B-Jali20 (ocular) and D (genital), both members of the B cluster, and the other pair being C (ocular) and H (genital), both members of the C cluster. These pairs are, in each case, their closest relatives among the set of four. This is noncongruent with a relationship that requires the parasites causing infection in the same organ to be each other's closest relatives.
Thus every one of the three coevolutionary hypotheses proposed by Moulder ( 1990, fig. 4 ) is inconsistent with evolutionary relationships found in our study.
4. Wang and Grayston ( 197 1) proposed that earlier-arising LGV strains later gave rise to genital strains that in turn gave rise more recently to the ocular strains. This too is inconsistent with the evolutionary relationships based on MOMP that are revealed by the tree in figure 3. L2 and L3 are both very recently evolved and in quite separated lineages (but, for evidence against separate lineages, see below) and where genital strains in the C cluster (H, I, and K; fig. 7 ) all diverged before the ocular strain C split from J.
5. There is no strong relationship between genealogy and geography. For example, the two closest relatives in the tree, B( TW5 ) and B( Jali20), are from eastern Asia and western Africa, respectively. However, this conclusion may be criticized to the extent that (a) the site of isolation of a particular strain is not necessarily the same as the location where the patient acquired the organism and (b) human carriers move a lot these days.
6. There is no strong relationship between genealogy and time of isolation. For example, early-isolate A (SA 1; 1957 ) shows more evolution than does later-isolate L 1 ( 1968) , since their common ancestor (42.8 vs. 32.5 substitutions, in fig. 1 ; it is worse after correction-69.8 vs. 48.5, in fig. 3 ). Moreover, there is no difference between B( TW5) and B( Jali20)'s distance from their common ancestor, despite their being isolated 26 years apart. This means that, unlike the case with human influenza viruses (see Buonagurio et al. 1986 ) , there is no internal calibration to determine the rate of Chlamydiae evolution.
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It is appropriate to ask about the reliability of the tree that contradicts so strongly these six hypotheses. Other information should be sought to confirm this correctness of the tree. Nevertheless, the bootstrapping shows seven groups with significant (>99%) support. This should be interpreted as meaning that those groups are strongly supported by these data even if sometimes the order of divergence within the group is not. Isolate Ll has an uncertain relationship within its group: it is unclear whether it is closest to E or to the B-L2 group. It can be observed, however, that, in every example of how the tree contradicts the coevolution hypotheses, we have chosen exemplars that are from groups that are significantly separated, and we therefore have confidence in what these data imply.
It is, of course, true that any bias in the sequence data will be preserved in the bootstrap analysis, which is why we hold that additional (probably sequence) data need to be obtained. On the other hand, the earlier proposals were made with little evidence to support the underlying assumptions. The Moulder hypotheses, for example, are ones that assume coevolution, and there was little evidence at that time that would test that assumption. There have been, however, very few successful studies that show complete congruence between predator and prey genealogies for sizable numbers of taxa in each group.
The Wang and Grayston hypothesis is built on one by Fazekas de St. Groth ( 1969) , who suggested how one could explain both the nonreciprocal nature of the cross-reaction between two antisera (one for each of two different antigens) and their heterologous antigens by assuming that more broadly reacting antisera are from more recently derived forms of the antigen. A more recent paper by Fish et al. ( 1989) has provided a more detailed molecular analysis of this phenomenon. Irrespective of any proposed mechanisms, however, the tree in figure 1 shows that one cannot reliably distinguish older forms from recent forms by the examination of nonreciprocity of reaction of chlamydial antigens and antibodies thereto.
The OMP2 Tree
The noncongruence of the two gene trees (MOMP and OMP2) among the C. trachomatis isolates may be the result of too few sampled positions in the OMP2 analysis. Only the two E genes of OMP2 are significantly (97%) clustered. There are only 16 nucleotide substitutions required to account for the amino acid differences in OMP2, and 9 of those are autapomorphic (unique to a single strain). Thus we are having to differentiate five strains on the basis of only seven informative positions, and four of those join-i.e., are synapomorphic for-the two E strains.
Nevertheless, the identity of the OMP2 amino acid sequences for Ll, L2, and L3 when their MOMP genes are so disparate raises an issue of relative rates. Between C. psittaci A22 and C. trachomatis B( Jali20) are shown 198 uncorrected substitutions in the OMP2 gene, but the corresponding number for the MOMP gene is 286. Thus the OMP2 gene is evolving only 0.69 as fast as MOMP. If the branch lengths between L2 and L3 in figure 1 are counted, they. total 105 substitutions. Given the proportion 198 : 286, we would expect, then, to observe 72.7 substitutions, in OMP2, between L2 and L3; instead we see none. The observed values are significantly (P < 10-l') different from expectation.
But these expected relative gene rates are based on a between-species rate of evolution. What are the rates within species? This is more difficult to determine, but, as a rough estimate, consider the six possible pairs of distances among B (Jali20), C, E( Bour), and L3 in each gene. For MOMP, these are (uncorrected; fig. 1 ) 106, 40, 108, 92, 20, and 94, for an average of 76.6 amino acid-changing nucleotide substitutions. For OMP2, the corresponding numbers are 1, 8, 11, 7, 10, and 11 , for an average of 8. If OMP2 is evolving only 0.69 as fast as MOMP, then, if the MOMP gene shows 76.6 average divergence, the OMP2 gene should show 53 average divergence, which is 6.6 times that observed. Thus OMP2 is evolving relatively much more slowly than MOMP within C. trachomatis than it is between species, as if (a) its rate has slowed down in C. trachomatis or (b) the MOMP rate has increased. Note that times of strain divergences relative to species divergence are made invalid by this phenomenon. There are at least three possible explanations for this large discrepancy. Explanation 1 is that the OMP2 gene has, within the trachomatis species, achieved a degree of perfection, that not only precludes many improvements but has only onesixth as many possible neutral amino acid replacements. This seems unlikely.
Explanation 2 is that many of the acceptable amino acid replacements are beneficial and are selected for giving extensive parallelism that, under parsimony, disappears into single replacements in the stem lineage to trachomatis. This too seems unlikely.
Explanation 3 is that there is genetic exchange among strains and that there is some bias with respect to which of two genes gets passed to surviving progeny. The incongruence of lineages within trachomatis exactly mirrors genetic reassortment. If one assumes that genes can occasionally be mixed, then the individual whose MOMP gene is closest to your MOMP gene need not be the same individual whose OMP2 gene is closest to your OMP2 gene. The alleles of MOMP are substantially different between strains B(Jali20) and C and between strains L2 and L3, but the alleles of OMP2 differ by but a single replacement substitution in the first pair and have zero such differences in the second pair. It is unclear how and when gene reassortment takes place (conjugation, transformation, or transduction), but coinfection of a cell by two strains has been accomplished in the lab (Ridderhof and Barnes 1989) . Nevertheless, there must be a bias in terms of which alleles survive, in order for the divergence rates within trachomatis OMP2 genes to be so slow compared with the between-species rate, given those relative rates in MOMP. For example, the most distant pair of trachomatis OMP2 sequences, L 1 and B (Jali20), is only 10.8 nucleotide substitutions apart, while that pair is 107.2 substitutions apart (a whole order of magnitude greater) in MOMP ( fig. 1 ), yet the interspecies differences are only -25% greater in MOMP. If the reassortment were mediated largely by conjugation, and if the entry of the OMP2 gene is earlier than the entry of the MOMP gene, then the relative time to the most recent common OMP2 ancestor would be reduced, because the effect is to throw away one allele and substitute another, thereby creating a genealogical short circuit. Gene conversion that happened more often to OMP2 genes than to MOMP genes would have the same effect.
We do not know which explanation, if any, is correct, but we slightly prefer explanation 3, because such biases have been observed in other circumstances. If there is recombination between strains, whether by conjugation or otherwise, then every gene may be expected to give a different tree-and every such gene tree could conceivably be correct. Other genes should be examined to see whether this proves to be true. But, once this possibility is admitted, then one should no longer regard these strains as separate lineages but, rather, as an interbreeding population. The correspondence of the MOMP gene tree and immunological classification is simply explained as being the result of the immunological studies being primarily studies of the MOMP gene.
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The principle observation relevant to obtaining a vaccine against C. trachomatis is that there is no evidence of rapid evolution such as that in human influenza virus, where one can see the accumulating change in the course of a few years (Buonagurio et al. 1986 ). The variability in MOMP is substantial among the C. trachomatis groups, especially between the B and C clusters discussed in Results. Nevertheless, this does not seem to be of the rapidly changing variety that could render a vaccine ineffective in a few years. Even if one restricts oneself to the VDs, one does not see a progressive evolution with respect to year of isolation (see fig. 9 ); the distance from the root is not a linear function of time, as it is in influenza A (Buonagurio et al. 1986 ). Thus, if a vaccine can be found, it is likely to be good for a long time. The hope to find one vaccine against all of these strains is perhaps unrealistic, and thus a combined vaccine for the B and C clusters will perhaps be needed.
The 627 amino acid-changing nucleotide substitutions in MOMP, if they were distributed randomly among the 403 codons ( = 1.56 substitutions/ codon), give a 0.2 1 [ = exp( -1.56)] probability that any given codon is unchanged. Accordingly, we should see only 85 ( =0.2 1 X 403) positions without amino acid differences. In fact, we observe 200 unvaried sites. That means that at least an estimated 200 -85 = 115 positions are too functionally vital to survive their being changed. A much better (Poisson) fit of the frequency of site changes would occur if one were to assume that an estimated 185 of the positions are invariable-that is, they are too important to survive being changed [ for the method, see Fitch and Margoliash ( 1967) ]. That -45% of the protein is invariable may suggest a real opportunity for a vaccine, but it is altogether possible that these 185 sites are either largely for amino acids buried in the three-dimensional structure of the protein or otherwise not accessible as antigenic sites. If one focuses, therefore, on the VD and makes the same estimate of variability, then the estimate of variable but unvaried positions among the 9 1 amino acid positions is less than 1. Thus, at least 9 of the 10 unvaried positions are probably invariable. Unfortunately, to the extent that the immunological response depends on all the amino acids in the site, a pair of adjacent unvaried amino acids may not provide the stability necessary for a long-lasting vaccine. There is one sequence in VD4, however-i.e., TTLNPTIAG-that is constant among all but 2 of the 20 trachomatis isolates. The exceptions are MoPn (L + W and A --+ S) and K (A + T). This might offer a reasonable segment to look for an antibody against. As a matter of fact, broadly reactive neutralizing monoclonal antibodies recognizing specifically this nonapeptide have been produced (Baehr et al. 1988; Zhang et al. 19893; Peterson et al. 199 1) .
